Abstract. In order to overcome the disadvantages of MgH2 towards its applications in on-board hydrogen storage, first principle calculations have been performed for Ti (2+, 3+, and 4+) substituted MgH2. Our calculated enthalpy of formation and H site energy implies that Ti substitution in Mg site reduces the stability of MgH2 which improve the hydrogen storage properties and Ti prefers to be in +4 oxidation state in MgH2. The bonding analyses through partial density of states, electron localization function and Bader charge of these systems confirm the existence of iono-covalent bonding. Electronic structure obtained from hybrid functional calculations show that intermediate bands (IB) are formed in Ti 4+ substituted MgH2 which could improve the solar cell efficiencies due to multiple photon absorption from valence band to conduction band via IBs and converts low energy photons in the solar spectrum also into electricity. Further, our calculated carrier effective masses and optical absorption spectra show that Ti 4+ substituted MgH2 is suitable for higher efficiency photovoltaic applications. Our results suggest that Ti 4+ substituted MgH2 can be considered as a promising material for hydrogen storage as well as photovoltaic applications.
INTRODUCTION
The researchers are developing new effective energy materials to address the energy and other environmental issues. Magnesium hydride (MgH 2 ) has been considered for hydrogen storage applications owing to its high hydrogen storage capacity, light weight, low cost, and abundance. [1] Its main limitations for on-board applications are the high decomposition temperature and the slow hydrogen sorption kinetics. Many studies report that titanium act as an efficient catalysts for hydrogen sorption, generally due to the high affinity toward hydrogen. Chengshang et al. [2] reported that the titanium additive added MgH 2 improves the hydrogen desorption temperature. Herein, we report the structural stability, electronic structure, chemical bonding, optical absorption spectra, and effective masses of MgH 2 and Ti substituted MgH2 (MgH2:Ti) to use for energy applications. Interestingly, we found that intermediate bands (IB) ). Several oxides and sulfides based IB solar cell materials have been identified recently [3] and here we report that IB can be formed in metal hydrides also by proper substitution.
COMPUTATIONAL DETAILS
Density functional theory (DFT) calculations were performed using projector augmented wave potential with the exchange and correlation in the Perdew-Burke-Ernzerhof (PBE) formalism of DFT as implemented in Vienna abinitio simulation package. [4] We have also employed Heyd-Scuseria-Ernzerhof (HSE06) hybrid functional with 25% Hartree-Fock exchange energy to obtain accurate band structure. The structural optimizations have been done until the force acting on all atomic sites were less than 10 -3 eV/Å. An energy cutoff of 300 eV were used. The total energies were calculated by integration over a Monkhorst-Pack mesh of k-points in the Brillouin zone. Fig. 1 
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(b). To model Ti
3+
substituted MgH 2 , a supercell is created with two Mg atoms are replaced by two Ti atoms as well as one Mg vacancy i.e. Mg 13 Ti 2 H 32 (see Fig. 1(c) ). For Ti 4+ substituted MgH2, we have replaced one Mg with one Ti atom and also one Mg vacancy is created i.e. Mg14TiH32 (see Fig. 1(d) ). In Ti substituted MgH2, each Mg is octahedrally coordinated with six H atoms and each Ti is also octahedrally coordinated with six H atoms. From the calculated enthalpy of formation and H site energy (see Table 1 ), we have found that Ti substituted MgH2 systems are less stable than pure MgH2. Our calculated enthalpy of formation of MgH2 and Ti substituted MgH2 are in good agreement with other theoretical/experimental observations. Hence the Ti substitution reduces the stability of MgH 2 , as a result, the dehydrogenation temperature will be lower for Ti substituted MgH 2 than pure MgH 2 . We have found that the H site energy is smaller for Ti substituted MgH2 compared with pure MgH2. This result also implies that H can be desorbed easily in MgH2:Ti than from pure MgH2. Moreover, among the various configurations considered in the present study, the H site energy is more for Ti The calculated total density of states (DOS) for all these systems are displayed in Fig. 2(a) and from this we found that MgH 2 is an indirect band gap insulators. Our results show that Ti substitution in MgH 2 reduces the band gap. The appearance of a small energy gap confirms the semiconducting nature of the Ti substituted MgH 2 . The band structure of MgH 2 and MgH 2 :Ti 4+ calculated using PBE and HSE06 functional are shown in Fig. 2(b,c) and 3(c,d) , respectively and the corresponding band gaps are listed in Table 1 . Due to the high value of bandgap in MgH2 it will be useful to harvest solar energy in UV range only. The partial DOS of MgH 2 (see Fig. 3(a) ) shows that the contribution of H is higher than that of Mg in the valence band (VB) and each Mg atom donates around 1.59 electrons to the neighbouring H atoms (see Table 2 ) which indicates the presence of ionic bonding. Moreover, the H-s states are hybridized with Mg-p state in the whole VB which hints the existence of covalent bonding as well. For MgH 2 :Ti
4+
, the partial DOS are plotted in Fig. 3(b) . In this system, it is interesting to note that the Ti-d states form an intermediate band states in the middle of the band gap. The electronic states from Ti, Mg, and H are energetically degenerate in the energy range -2 eV to VB maximum indicating the presence of the noticeable covalent bond between them. The majority of the Ti-d states in the VB are well separated and present between -4 eV and -2 eV. Most of the Mg-s electrons are transferred to H site in MgH 2 :Ti 4+ also which can be seen from the calculated Bader charge (see Table. 2) indicating substantial ionic bonding. Hence the bonding in MgH2:Ti 4+ can be considered as mixed iono-covalent character. The electron localization function (ELF) plot for MgH2 (see Fig. 4(a) ) indicating that the charges are accumulated at H site and depleted at Mg site. This indicate the charge transfer from Mg site to H site suggesting the presence of ionic bonding between them. Moreover, the noticeable charges present in the interstitial region indicating the presence of noticeable covalency as well. The ELF plot for Ti 4+ substituted MgH 2 is displayed in Fig. 4(b) . One can notice that the strong covalent bonding of Ti atom with the surrounding H atoms is expressed by the significant amount of shared charges in the plane. Moreover, the charge transfer from Mg to neighboring H atoms indicates the presence of ionic bonding between Mg and H. It is interesting to note that Ti substitution forms an intermediate bands in the band gap. So, it can be used for photovoltaic applications since the multi-band gap materials offer the possibility to improve the solar cells efficiency than the traditional single band gap solar cell materials. In order to evaluate carrier mobility, we have calculated carrier effective masses as it is inversely proportional to the carrier mobility. For MgH 2 , the calculated effective mass of hole along M-Γ is 0.34 m0 whereas electron effective mass along Z-A direction is 0.67 m0. For Ti 4+ substituted MgH2, the hole effective mass along Z-A direction is 1.01 m0 and electron effective mass along Γ-Z direction is 0.59 m0. Present results indicate that Ti substitution reduces electron effective mass and hence will improve the electron transport. The calculated optical absorption spectrum of MgH 2 and Ti 4+ substituted MgH 2 using PBE functional followed by a rigid energy shift using the improved bandgap value from HSE06 to take into account of band gap underestimation by PBE functional is shown in Fig. 4(c) . For MgH2, the optical absorption starts at ~4.8 eV and increases with photon energy. In the case of Ti 4+ substituted system, the absorption starts at ~1.6 eV and increases with photon energy over the range of visible light. This indicates that Ti 4+ substituted MgH 2 may be a potential material for IB solar cells. 
CONCLUSIONS
In conclusions, our total energy studies show that the stability of MgH2 is reduced by Ti substitution in MgH2 since our calculated ΔHf and H site energy of Ti substituted MgH 2 systems are lower than those for MgH 2 . Further, present results reveal that Ti prefers to be in +4 oxidation state in MgH 2 :Ti. Electronic structure calculations show that MgH 2 has insulating behavior whereas Ti substituted MgH 2 will be a promising material for on-board hydrogen storage applications and also can be used as an active material in the intermediate band gap solar cells.
